Aims: To evaluate different strategies for description of the sanitary quality of industrial-scale composting. Methods and Results: The investigation included microbiological analyses of waste at different stages during the process (spot test analysis), as well as physical and chemical parameters. The elimination of indicator organisms was also investigated by means of direct process evaluation, based on inoculation of the waste. At the four investigated facilities, the sanitary process was very efficient when evaluated by the direct process evaluation, indicated by an efficient elimination of Escherichia coli and Enterococcus faecalis inoculated into the waste. The sanitization was poor when evaluated by spot test analysis at the two windrow facilities, while good agreement was found at the two in-vessel facilities. Conclusions: The direct process evaluation is a valuable tool for identifying parameters for process optimization in different zones and for measuring elimination patterns of pathogens not normally present in the waste, but it is unreliable for evaluating the overall sanitary process. Significance and Impact of the Study: The spot test analysis is an accurate method for the analysis of the sanitary process. In addition, it is simple and inexpensive to perform, which makes it very cost-effective for supervision of the sanitary quality of industrial-scale composting.
INTRODUCTION
During composting, biodegradable waste is transformed into the stable compost product, which provides valuable benefits for plant growing by increasing soil fertility (e.g. Dick and McCoy 1993) . However, depending on the origin of the raw material and the management of the process, composts may also contain substances harmful to the environment such as pathogens, bioaerosols, heavy metals and toxic organics (e.g. Hoitink and Keener 1993; Déportes et al. 1995) . In this paper, focus is directed on the disease-causing organisms, the pathogens. The pathogens may be viruses, bacteria, fungi, protozoa, nematodes and helminths. Pathogens are commonly present in sewage sludge, household waste and yard waste (Pahren 1987) , all of which are commonly composted. Composting is an efficient method for destruction of pathogens (Dumontet et al. 1999) . However, in order to eliminate or reduce the presence of pathogens in the compost to an acceptable level so that the use of the compost will be safe for humans, animals and plants, it is important that the process is well managed.
Although the reduction of pathogens during composting has been the focus of much research (e.g. Dumontet et al. 1999) , very little attention has been directed towards the strategies used to measure the sanitary efficacy of the composting process. In the present investigation, different indicator organisms and indirect process parameters were considered, and two methods for surveying the sanitary process were investigated: direct process evaluation, in which the reduction of defined organisms inoculated in the raw material is investigated, and spot test analysis, in which samples are taken directly from the raw material and the compost at different stages during the process and analysed for chosen organisms. In this paper, focus is directed towards strengths and weaknesses of the methods used for evaluating the process, and the fate of human and animal pathogens.
MATERIALS AND METHODS
Four full-scale industrial composting facilities participated in the investigation. The facilities were located in Denmark, Sweden, Norway and Finland (Fig. 1) . In the following, the method of investigation is described for a non-specified facility, followed by detailed information related to the individual facilities.
Spot test samples
Samples of newly-mixed raw material were taken from five defined areas with a maximum volume of 20 m 3 each. From each area, a composite sample of about 35 l was prepared by pooling seven sub-samples of about 5 l on a clean surface (Fig. 2) . After completion of the sanitization phase, which had a maximum duration of 4 weeks, compost samples were taken from five areas evenly distributed along the compost mass. For each area, a fresh cross-section of the compost was established by means of a front loader, and seven subsamples (about 1AE5 l each) representing the cross-section (inclusive samples from the surface and the base) were collected. A composite sample of about 10 l was prepared by mixing the sub-samples. The age of the finished compost varied between 5 and 6AE5 months due to different composting techniques, raw materials, and the required degree of stability of the finished compost. At all facilities, five composite samples (seven sub-samples of 1AE5 l each) of the screened finished compost were taken. If possible, samples of the finished compost were taken at the same time as samples of the sanitized compost to minimize travelling and transportation costs of samples. In such cases, analysis performed on the finished compost was from a different batch of compost than the raw material and the sanitized compost.
Direct process evaluation
In the direct process evaluation, inoculation bags with indicator organisms were inserted into the raw material and left for the duration of the sanitary phase at the composting facility. After the sanitary phase, the inoculation bags were recovered and the viability of the inoculated organisms was evaluated (Fig. 2) .
Inoculum cultures of Escherichia coli (strain no. 228) and Enterococcus faecalis (strain no. 122) were produced from strains available at VDL (Veterinaer Direktoratets Laboratorium, Denmark). The inocula were produced by culturing the strains in Tryptone Soya Broth (Oxoid) at 37°C for 24 h, resulting in a concentration of > 10 8 cfu ml )1 (Christensen et al. 2001) . The finished inoculum was distributed into 20 polyethylene centrifuge tubes, each containing 25 ml of the bacteria solution, and transported to the composting facility. At the composting facility, a sample of raw material infested with E. coli was produced by mixing the contents of a centrifuge tube (25 ml E. coli inoculum) with 300 g of the prepared raw material. After thoroughly mixing the inoculum and raw material, the sample was transferred to a bag composed of polypropylene fibre gauze (Windhager 'Garden-Vlies', Ainriug, Austria) and closed with a heatimpulse sealer. In total, 20 bags containing raw material infested with E. coli were produced. Twelve of these samples were used for preparation of the inoculation bags, four were used for evaluating the viability of the bacteria under controlled conditions (incubation in a closed container with wet clay granulate at 20°C) during the sanitary phase, and four were used to evaluate the initial concentration of the bacteria. The same procedure was followed for the production of raw material infested with Ent. faecalis.
A 10 l sample of the prepared raw material was transferred to a course-meshed nylon bag, and one each of the prepared fibre bags containing inoculated raw material was added. The bags were distributed in the nylon bag without physical contact between them, and a temperature logger (35 mm Fig. 1 The location of the composting facilities: Facility 1 situated near Elverum (Norway), Facility 2 near Odense (Denmark), Facility 3 near Sala (Sweden) and Facility 4 near Rovaniemi (Finland) Gemini data loggers with internal Tinytalk MK11 probe, ) 40 to 85°C ± 0AE2°C, from RS-components, Copenhagen, Denmark, enclosed in a waterproof high-impact polyethylene box) was added. Measurements of temperature were performed every half-hour during the sanitization phase.
Composting facilities
At Facility 1, Norway, source-separated household waste was mixed with yard and forestry waste and composted in openair windrows without cover or forced aeration. The windrows were approximately 1AE5 m high, 2AE2 m wide and 50 m long, and were turned once a week with a turning machine. After 6 weeks, the windrows were merged to form 2 m high, 3 m wide and 30 m long windrows, which were left for a 6 week stabilization phase 1 and turned occasionally. Then, the compost was screened (0-20 mm) and left in large piles for stabilization phase 2 for 3 months. The inoculation bags were incubated in the windrow in three different decomposition zones (1, 2 and 3) at four different points (replicate A, B, C and D). Zone 1 represented a near-surface area, zone 2 represented the centre of the heap and zone 3 represented the base of the windrow (Fig. 3) . The sanitary efficiency of the first 4 weeks of the composting process was evaluated (the sanitary phase). During this period, the windrow was turned three times. The turning machine was stopped when it approached an inoculation point (marked with a stick) and the inoculation bags were carefully removed with a shovel. Fig. 2 Schematic outline of the procedure used for collecting samples of the raw material and preparation of inoculation bags. Raw material was sampled from five areas and a composite sample was prepared. After collecting the material needed for the spot test analysis, the five composite samples were pooled, making one representative sample of the raw material ready for preparation of the 12 inoculation bags needed at the facility, as well as control samples After the passing of the turning machine, the bags were replaced in their 'original' positions.
At Facility 2, Denmark, sewage sludge mixed with yard waste and straw was composted in open-air windrows without cover or forced aeration. The windrows were approximately 2AE2 m high, 5AE3 m wide and 200 m long. The windrows were turned weekly with a turning machine. After 7 weeks, two windrows were joined into one large windrow, and after 1 more week this windrow was moved to a stabilization area. Here, all the windrows originating from a monthly batch were merged to form a large pile and left to stabilize for 3 months. No turning or watering was performed during stabilization. The inoculation bags were incubated in the same positions as described for Facility 1 (Fig. 3) . After inoculation of the bags, the windrow was covered with a 10 cm layer of recycled oversized compost (> 10 mm). The sanitary efficiency of the first 4 weeks of the composting process was evaluated.
At Facility 3, Sweden, source-separated household waste mixed with yard waste was composted in force-aerated boxes with semi-permeable covers (21 m long, 6AE5 m wide, 2AE0 m high). All boxes were equipped with countersinks with pipes in the floor, for the forced aeration (air not heat exchanged). After a sanitization phase of 3 weeks, the compost was moved to a force-aerated box without a roof for a 4 week stabilization phase 1. Stabilization phase 2 was performed in open-air windrows for an additional 4 months. During stabilization phase 2, the compost was turned with a front loader every third week and watered in the summer. The three analysed decomposition zones were represented by zone 1 in the base of the heap at the edge of the box, zone 2 in the centre of the heap and zone 3 in the base of the heap between two aeration channels (Fig. 3) . The sanitary efficiency of the first 3 weeks of the composting process was evaluated.
At Facility 4, Finland, sewage sludge mixed with wood chips and peat was composted in fully enclosed, forced aerated tunnels. A tunnel (5AE8 m high, 6AE1 m wide and 20 m long) was filled with the raw material to a height of 2AE2 m and the material remained untouched for a week. Then, all the material was moved from the first tunnel into a second tunnel with the purpose of mixing and to achieve a uniform batch treatment. The sanitization phase continued for 7 days. The principle for the forced aeration was to supply sufficient oxygen for rapid temperature increase and later, to ensure optimum compost process temperatures (50-60°C, air heat exchanged). The compost in the tunnels was watered. After the 2 week sanitization phase, stabilization took place in open-air windrows for 6 months. No watering or turning took place during stabilization. The three decomposition zones analysed at Facility 4 were an area with maximum distance to the surrounding environment (zone 1), the centre of the heap (zone 2) and the base near forced aeration channels (zone 3, Fig. 3 ). The sanitary efficiency of the first 2 weeks of the composting process was evaluated.
Physical and chemical analysis
The samples were stored in polyethylene zipper bags in a cooled box (< 5°C) and the analysis was initiated within 48 h after the samples were taken. Dry matter (DM) of raw material and compost samples was determined according to the CEN EN 13040 (1999) standard by drying samples of approximately 50 g to constant weight at 103°C. Organic matter (OM) was determined on dried ground samples according to CEN EN 13039 (1999) by measuring the loss of mass on ignition at 450°C. However, sample size was increased to 10 g instead of the 5 g recommended in the standard to increase the accuracy of the method. The pH value was measured in samples suspended in water according to CEN EN 13037 (1999) . For all samples, 50 g (approximately 250 ml) of the samples were suspended in 1250 ml distilled water and shaken for 1 h, after which the pH was measured. To measure the C:N ratio, 10 g of the dried sample were ground in a blender and a representative 
Microbiological analysis
All samples were stored in polyethylene zipper bags in a cooled box (< 5°C) and the analysis was initiated within 24 h after the samples were taken. About 10 g of the sample representing both deep and surface material (mean flora) was pre-treated according to NMKL no. 91 (1988) . The number of faecal coliforms (thermotolerant coliform bacteria) and E. coli in the pre-treated sample was determined according to NMKL no. 125 (1996) . After pre-incubation on nonselective substrate, faecal coliforms were determined at 44°C for 24 h as typical colonies growing on violet red bile agar. Escherichia coli was determined as faecal coliforms, which, in the IMViC test, gave the reaction + + --. The number of Enterococcus was determined in the pre-treated sample after pre-incubation on non-selective substrate, according to NMKL no. 68 (1992) . Enterococcus was determined after 48 h at 45°C as colonies growing on Enterococcus agar. Salmonella spp. were determined according to the qualitative method given by NMKL no. 71 (1991) . In this method, the 25 g sample is enriched after pre-enrichment, and the presence of Salmonella is evaluated by incubation on selective substrate at 37°C for 24 h.
Statistical data analysis
Differences in temperature, DM, OM and pH between decomposition zones in the direct process evaluation, and between raw material, sanitized compost and finished compost in the spot test analysis, were identified with oneway ANOVA followed by multiple unplanned comparison by Tukey's methods (Sokal and Rohlf 1995) . Pearson's correlation test was used for correlation analysis. If necessary, the data were logarithmically transformed to normalize the distributions and stabilize the variance. For the bacteria, the demands for parametric data analysis could not be met since some of the samples showed values below detection limit. Therefore, non-parametric tests were used in the data analysis. Differences in concentrations of bacteria between raw material, sanitized compost and finished compost in the spot test analysis were identified with the Kruskal-Wallis test (Sokal and Rohlf 1995) . Concentrations below detection limit were ranked in the same group. The non-parametric Kendall rank correlation test was used in correlation analysis involving bacteria (Sokal and Rohlf 1995) .
Five replicate samples of the raw material, the sanitized and the finished compost in the spot test analysis were analysed. For some of the sampling times, concentrations below the detection limit were found for some of the replicates, whereas others showed concentrations above the detection limit. In the graphical presentation, samples below the detection limit were set to the detection limit for calculation of the mean and standard deviation, which may result in a slight overestimation of the values presented.
RESULTS

Meteorological observations
During the performance of the direct process evaluation (March 1-April 11 2000), air temperature was recorded daily at nearby meteorological stations (Table 1) . At Facility 1, the daily mean air temperature ranged between ) 6AE5 and 7AE9°C, at Facility 2 between 1AE4 and 7AE8°C, at Facility 3 between ) 3AE4 and 7AE5°C and between ) 7AE6 and 3AE9°C at Facility 4. As expected, the average mean air temperature for the inoculation period was highest at Odense, Denmark (4AE4°C), followed by Sala, Sweden (1AE3°C), Elverum, Norway () 0AE3°C) and Rovaniemi, Finland () 4AE0°C).
Temperatures in decomposition zones
Temperature was measured in all inoculation bags during the sanitization phase, resulting in four replicates for each decomposition zone (Table 2 ). For statistical comparison of the temperature patterns between different zones, the mean and maximum temperature is shown, as well as the time when temperatures above 55, 60, 65 and 70°C occurred.
At Facility 1, only small differences between the three zones were observed. During the 4 week sanitization phase, the mean temperature was > 60°C for all zones. The maximum temperature was the only analysed parameter Table 1 Mean, minimum and maximum daily air temperatures (mean ± S.D.) for the experimental periods with inoculation of indicator organisms at Facilities 1 (n = 27 days), 2 (n ¼ 29 days), 3 (n ¼ 20 days) and 4 (n ¼ 15 days) Facility no.
Experimental period (day.month)
which differed significantly between the three zones, indicated by higher maximum temperatures in the nearsurface and middle zones compared with the base zone. At Facility 2, the temperature in the base zone was significantly lower than in the near surface and middle zones during the 4 week sanitization phase, indicated by significantly lower mean and maximum temperatures in zone 3 compared with zones 1 and 2. Also, the periods where the temperature increased above 55, 60, 65 and 70°C were significantly shorter in zone 3 than in zones 1 and 2.
At Facility 3, the temperature was significantly higher in the middle compared with the near-surface and base zones during the 3 week sanitization phase. Thus, in zone 2, the mean and the maximum temperature was significantly higher than in zones 1 and 3. Also, the periods where the temperature exceeded 55, 60, 65 and 70°C were significantly longer in zone 2 than in zones 1 and 3.
At Facility 4, there were relatively high variations in temperature between the four analysed inoculation points during the 2 week sanitization phase and therefore, the statistical analysis revealed only minor differences in the temperature pattern between the three zones. The only parameter showing significance was the average temperature, which was significantly higher in zone 1 than in zone 3. In general, the temperature in zone 3 was lower than that observed at the other facilities.
For all the investigated facilities, no correlations between air temperatures and temperatures registered in the composting mass could be identified.
Physical and chemical parameters
DM, OM and pH were analysed in both spot test samples and samples obtained from inoculation bags to investigate possible differences between decomposition zones and the surrounding environment (Figs 4 and 5) .
For Facility 1, the DM was 40% in the raw material and increased significantly to approximately 45% in the sanitized 59 ± 46 27 ± 54 6 ± 10 *n ¼ 3. Values followed by different letters (rows) are significantly different (P < 0AE05). No letters indicates no significant differences between the three decomposition zones. Table 2 Statistical temperature data (mean ± S.D., n ¼ 4) measured at the four facilities during the direct process evaluation in the three decomposition zones and finished compost (Fig. 4) . OM decreased significantly during the process from 75% in the raw material to 65% in the finished compost. The pH value was generally high (> 8) and there was a weak tendency for increasing pH during the process, whereas the C : N ratio was constant at about 15. At Facility 1, there were no significant differences in DM, OM and pH between the three decomposition zones after the sanitary phase (Fig. 5) . However, the DM content in the inoculation bags was much higher than observed in the surrounding material. Good agreement between the results obtained from the inoculation bags and the spot test samples was found for OM and pH. At Facility 2, no significant variations were observed for the DM content (40-50%) between the raw material, the sanitized and the finished compost. However, significant reductions in OM and C:N ratio were observed during the process. The OM content was 72%, 53% and 45% in the raw material, the sanitized and the finished compost, and the C:N ratio was 23, 16 and 13, respectively. The pH value increased from 7AE1 in the raw material to 8AE4 in the sanitized and finished compost. At Facility 2, the DM was significantly higher in zone 1 than in zone 3. OM contents and the pH showed no significant differences amongst the three decomposition zones. Generally, there was good agreement between the results obtained from the inoculation bags and the spot test samples.
For Facility 3, the DM was approximately 40% in both the raw material and the sanitized compost, but increased to 58% in the finished compost. A decrease in OM and C:N ratio was observed from the raw material to the finished compost. The pH value was low and increased significantly from 5AE5 in the raw material and the sanitized compost to 7 in the finished compost. At Facility 3, there were marked differences in DM, OM and pH between the three decomposition zones. After the incubation period, the DM was significantly higher in zones 1 and 3 than in zone 2. The opposite pattern was observed for the OM content, which was significantly lower in zones 1 and 3 compared with zone 2. The pH value measured in zone 2 was only 5AE1 and significantly lower than the values observed in zones 1 and 3 (> 8).
For Facility 4, the DM was only 28% in the raw material; it increased to 42% in the sanitized compost while in the finished compost it was 45%. Significant reductions in OM and C:N ratio were observed during the process. The OM content was 82%, 77% and 70% in the raw material, the 5 Dry matter (DM, % wet wt), organic matter (OM, % dry wt) and pH measured in material from the inoculation bags after the sanitary phase in the three decomposition zones (mean ± S.D., n ¼ 4). The horizontal lines (mean ± S.D., n ¼ 5) represent DM, OM and pH, respectively, measured in spot test samples of the sanitized compost. Values followed by different letters are significantly different (P < 0AE05). No letters indicates no significant differences between the three decomposition zones sanitized and finished compost, and the C:N ratio was 14, 12 and 10, respectively. The pH value decreased during the sanitization phase but increased again during the stabilization phase, resulting in finished compost with a pH value of 8AE2. There were no significant differences between the DM and OM contents of the three decomposition zones at Facility 4. However, after the incubation period, the pH value was significantly lower in zone 1 than in zone 3. There was good agreement between the results obtained from the inoculation bags and the spot test samples.
Microbiological parameters
In the spot test analysis, samples of the raw material, sanitized and finished compost were analysed for faecal coliforms, E. coli, Enterococcus and Salmonella to evaluate their elimination during the process (Fig. 6 ). In the direct process evaluation, the elimination of selected strains of E. coli and Ent. faecalis was investigated for comparison of the two evaluation methods (Table 3) .
Faecal coliforms and E. coli
Generally, there was a very close correlation between the concentration of faecal coliforms and E. coli (Fig. 6) . However, in the finished compost from Facilities 2 and 3, and especially Facility 4, the concentrations of E. coli were lower than the concentrations of faecal coliforms. Spot test samples from the windrow Facilities 1 and 2 showed low reductions of faecal coliforms and E. coli during the sanitization phase. For Facility 1, the reduction of E. coli was only 2AE3 log-units and for Facility 2, it was 2AE6. However, during the stabilization phase there was a further reduction of 1AE0 log-units for Facility 1 and in the finished compost from Facility 2, the concentration was < 10 cfu g )1 . For the in-vessel Facilities 3 and 4, the elimination of faecal coliforms and E. coli was very efficient during the sanitization phase. However, due to re-growth/re-colonization during the stabilization phase, the concentration was increased in the finished compost.
The results of the spot test analysis which indicated a poor sanitization phase at windrow Facilities 1 and 2 was in conflict with the results of the direct process evaluation indicating an efficient reduction of E. coli during the sanitization phase for all facilities (Table 3) . Thus, for all samples exposed to composting in the direct process evaluation, there was a marked reduction in the added E. coli and concentrations above the detection limit were only observed in four of the 47 samples analysed. Since concentrations below the detection limit were observed for most of the samples, the exact reduction of E. coli as a consequence of the composting process could not be calculated. However, for all samples from Facility 1, reduction was > 6AE44 log-units. For Facility 2, the logreduction was generally ‡ 6AE59. However, for decomposition zone 3, the reduction was only 4AE89 and 4AE98 for two of the inoculation points. At Facility 3, reduction could only be estimated to be > 2AE78 log-units due to a high detection limit and at Facility 4, all the incubated samples showed a reduction > 5AE07 log-units as a consequence of the composting process. Control samples inoculated with E. coli stored in humid clay granulate at room temperature during the sanitization phases at the four facilities showed no significant changes in E. coli concentrations compared with the concentrations measured at the start.
Enterococcus
The reduction of Enterococcus during the sanitization phase, evaluated by spot test samples, was very poor for the windrow facilities (Fig. 6 ). For Facility 1 the reduction was only 0AE7 log-units during the sanitization phase and for Facility 2 it was 2AE6. During the stabilization phase, there was a further reduction at Facility 1 but no significant changes at Facility 2. At Facility 3, a reduction of 3AE94 logunits was observed during the sanitization phase. However, during the stabilization phase, there was a re-growth of the bacteria resulting in a concentration of 1 · 10 4 cfu g )1 in the finished compost. Facility 4 was also very efficient in the reduction of Enterococcus during the sanitization phase, resulting in sanitized compost containing < 100 cfu g )1 .
However, due to re-growth during the stabilization phase, the finished compost contained 3 · 10 3 cfu g )1 . Also, for Enterococcus, there was conflict between the results of the spot test analysis and the direct process evaluation for the windrow Facilities 1 and 2. Thus, for all inoculated samples exposed to composting there was a marked reduction of the added bacteria (Table 3) . For Facility 1, the log-reduction was > 5AE7 units for the majority of the incubated samples. However, three samples from decomposition zones 1 and 2 showed a reduction between 4AE12 and 5AE40. At Facility 2, there were differences in the reduction efficiency of the added bacteria between the three decomposition zones. Thus, decomposition zones 1 and 2 showed log-reductions ‡ 5AE4, whereas the average reduction was 4AE39 for decomposition zone 3. Especially for one of the inoculation points, the elimination of the added bacteria was low, indicated by a log-reduction of only 2AE74. At Facility 3, the reduction was estimated to be > 2AE9 log-units. At Facility 4, all the incubated samples showed a reduction of > 5AE45 log-units as a consequence of the composting process. Control samples inoculated with Ent. faecaliss incubated in humid clay granulate at room temperature during the sanitization phases at the four facilities showed no significant changes in Ent. faecalis concentrations compared with the concentrations measured at the start.
Salmonella
Salmonella was determined qualitatively for the raw material, the sanitized and the finished compost (Fig. 6) . At all facilities, Salmonella was present in the raw materials. At Facilities 1 and 3, two of the five samples of the raw material contained Salmonella, at Facility 2 three of the samples contained Salmonella and all samples of the raw material from Facility 4 contained Salmonella. In contrast, no samples of the sanitized and finished compost contained Salmonella, except the sanitized compost from Facility 2, where two of the five samples were positive. )1
) and the percentage of positive Salmonella samples (n ¼ 5) measured in the raw material (RM), the sanitized compost (SC) and in the finished compost (FC) at the four facilities. Differences between the different sampling times were analysed with Kruskal-Wallis test (no statistical analysis was applied to the Salmonella data). Values followed by different letters are significantly different (P < 0AE05). Means ± S.D. are shown for 5 samples
DISCUSSION
The methods used for evaluation of the sanitary quality of composting have to be based on measurements of informative indicator organisms and indirect process parameters, and must give a comprehensible and practical understanding of the sanitary situation at the facility. Also, use of a costeffective method for evaluating the sanitary quality of the process is very important (e.g. direct process evaluation/ spot test analysis).
Direct process evaluation vs spot test analysis
An advantage of direct process evaluation is the possibility for evaluating the inactivation of defined, inoculated organisms. The method is therefore independent of the composition of the raw material, and organisms with special interest can be evaluated, even if they are normally not present in the raw material. However, when using the direct process evaluation, it is important that the environment in the inoculation bags is not different from the surrounding material, since the inactivation of pathogens is very dependent on the physical and chemical environment (e.g. Epstein 1978; Dumontet et al. 1999) . Especially if the material is turned or mixed during the process, the environment in the inoculation bags may differ because mixing of the material in the bags with the external material is not possible. At Facility 1, the DM content of the recovered inoculation bags was between 61 and 67% wet wt, whereas it was only 45% in the surrounding material analysed in the spot test analysis. Since part of the microbial community, typically the bacteria, is inhibited at DM contents higher than 60-65% wet wt (e.g. De Bertoldi et al. 1983) , desiccation of the inoculation bags may have influenced the inactivation of the inoculated bacteria. Some major sources of error can thereby be introduced, which may result in serious misinterpretations of the true picture outside the inoculation bags.
In the direct process evaluation, valuable information about the sanitary process in specific zones in the composting material may be obtained. This is also the case if the composting material is turned or moved during the process, since the inoculation bags are removed before such an operation and replaced in their original positions afterwards. The direct process evaluation is therefore a valuable tool for identifying and monitoring parameters for process optimization. At Facility 2, the relatively low process temperature and the humid environment at the base of the relatively large windrow coincided with a less efficient reduction of E. coli and Enterococcus compared with the centre and near-surface regions. Also, at Facility 3, major differences in temperature, DM, OM and pH were registered between the decomposition zones. However, no differences in sanitary 
NA ¼ Not available. The log reduction was calculated as the difference between the concentration measured in the inoculated raw materials at the beginning of the incubation period and the concentration measured in the inoculated raw materials after the incubation period. The use of > indicates the E. coli or Ent. faecalis concentration below the detection limit after the incubation period (i.e. the maximal measurable reduction under the given circumstances). *Due to inappropriate dilution series, the detection limit was 10 3 cfu g )1 wet wt for E. coli and 10 4 cfu g )1 wet wt for Ent. faecalis for samples from facility 3.
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efficiency between the zones were found at this facility, indicating that it may be difficult to use indirect process parameters as an indication of the sanitary quality of composting.
The disagreements between the results from the direct process evaluation and the spot test analysis reveal some serious problems with respect to how representative the samples are. Especially for the windrow facilities, the spot test samples taken directly from the windrows were much more critical than the direct process evaluation. The three zones (near-surface, centre and base) were therefore not particularly representative, resulting in misinterpretation of the sanitary process. It is therefore very important to take care when interpreting data from the direct process evaluation, since total inactivation of an organism is not necessarily valid evidence of a sanitized compost (or finished compost) without the presence of the organism.
For the in-vessel facilities, there was much better agreement between the evaluated methods with respect to reduction of E. coli and Enterococcus. This may indicate that the environments in in-vessel facilities were more homogeneous with respect to pathogen elimination and therefore, the inoculation points better represented the overall process. A way to increase the strength of direct process evaluation for open windrow facilities is to increase the number of zones, especially close to the surface of the windrows. However, an increase in the number of zones to be evaluated will also increase costs, which are already considerable compared with the spot test analysis. In addition, re-contamination of compost, which may occur during turning, is not evaluated since the material in inoculation bags is not mixed with the surrounding material (see below).
A clear advantage of the spot test analysis is that information concerning the actual content of the organisms present in the composting material is obtained. In addition, the stabilization phase can be analysed by comparison of the results of the sanitized compost with the finished compost. At the in-vessel composting facilities, there was re-growth of the indicator, faecal coliforms/E. coli and Enterococcus during the stabilization phase, whereas Salmonella was not present in the finished product. These results stress that re-growth of indicator bacteria does not necessarily indicate that the product will also become re-infested with pathogenic bacteria like Salmonella. In fact, studies have shown that bacterial re-growth in sanitized compost prevents re-population by Salmonella due to microbial antagonism (Hussong et al. 1985; Millner et al. 1987) . When using indicator organisms, it is thus very important to analyse samples of the sanitized compost when evaluating the sanitation phase, since samples of the finished compost will not necessarily give information about the sanitary quality of the product.
Indirect process parameters for evaluation of sanitization
The mechanisms responsible for destruction of pathogens are heat, competition, antibiosis, transformation of nutrients and time (Golueke 1991) . All of these mechanisms involve the physical and chemical environment directly or indirectly, making measurements of indirect process parameters relevant for description of the destruction of pathogens. In addition, the measurement of indirect process parameters is often simpler than microbiological measurements, making these physical-chemical parameters potentially cost-beneficial when describing sanitization during composting. Temperature is considered as the most important parameter in the inactivation of pathogens (e.g. Bollen 1993; Dumontet et al. 1999) . Only small variations in temperature were observed between the different zones at Facilities 1 and 4. At Facility 2, the temperature was significantly lower at the base of the windrow, which coincided with a less efficient reduction of E. coli and Enterococcus, thus emphasizing that temperature is an important factor in the inactivation of these organisms. Parallel with the present investigation, the inactivation of the very heat resistant plant pathogen, tobacco mosaic virus, was investigated by use of the direct process evaluation. For this pathogen, a very close correlation between the maximum temperature registered in the inoculation bag and its inactivation was found. The correlation analysis stressed the importance of high temperatures in inactivation, and indicated that 70°C was necessary for a complete inactivation of tobacco mosaic virus during a 4-week sanitization phase (Christensen et al. 2001) .
A low DM content combined with insufficient structural material results in an anaerobic environment. High DM content inhibits microbial activity, resulting in a physically stable but biologically unstable product (de Bertoldi et al. 1983) . At Facility 3, direct process evaluation revealed a clear desiccation of the zones situated at the base of the pile near the forced aeration channels. However, no differences in reduction of organisms between these zones and those at the centre of the pile were identified. This observation may not be surprising since very high temperatures were observed in all zones. Furthermore, the measurement of DM content in an inoculation bag after the sanitization phase gives no precise information about the DM state earlier in the process, indicating that the use of DM as an indication of the sanitary quality is very difficult.
Biological activity is important in the elimination of pathogenic organisms. Therefore, changes in OM or the C:N ratio may be valuable parameters for describing pathogen elimination. At all the facilities, a reduction in the content of OM during the process was recorded in the spot test analysis. The same pattern was observed for the C:N ratio, especially at Facilities 2 and 4. However, interpretation of the data was difficult. At Facility 2, the reduction in OM and C:N ratio during the process was most pronounced, but this facility showed low reductions in E. coli and Enterococcus. In contrast, lower reductions in OM and the C:N ratio were observed at Facilities 3 and 4, but these facilities showed the most efficient inactivation of E. coli and Enteroccus during the sanitization phase.
The pH can also influence pathogen survival if very acidic or alkaline environments are maintained for a certain period of time (Epstein 1978) . However, direct elimination as a consequence of high or low pH is not of major importance during composting because the process does not normally result in a very acidic or alkaline environment (De Bertoldi et al. 1985a) ; this was also indicated in the present investigation. However, as with the other measured indirect process parameters, pH is of major interest in the management of the process. A low pH value is an indication of formation and accumulation of organic acids, which may be a result of an anaerobic environment (Miller 1993) . In the direct process evaluation, a pH value of only 5AE1 was found in the centre of the heap at Facility 3, which may have resulted from low oxygen availability. In contrast, the pH value was about 8AE5 in samples taken closer to the forced aeration channels.
Microbial parameters for evaluation of sanitization
The major part of the faecal coliforms found in compost materials consist of E. coli (Déportes et al. 1998) . However, a few other bacteria can give the same reaction, e.g. the genera Aeromonas and Klebsiella. Löfgren et al. (1978) showed that re-growth/re-infection of Klebsiella in compost after the sanitary phase resulted in a finished product with concentrations of faecal coliforms not very different from the raw material.
Also, for the in-vessel Facilities 3 and 4, there was substantial re-growth of faecal coliforms after the sanitary phase and only a minor fraction of this re-growth originated from E. coli (< 10% for Facility 3 and < 1% for Facility 4). In contrast, the majority of the faecal coliforms in the raw materials was E. coli. There was thus a difference in species composition of the faecal coliforms between the raw material, consisting of bacteria of faecal origin (E. coli), and the finished compost, where the majority of the faecal coliforms were probably of non-faecal origin. However, at the windrow Facilities 1 and 2, with a less efficient sanitary process, no re-growth of faecal coliforms was observed after the sanitary phase, and the majority of the faecal coliforms originated from E. coli. These observations strongly indicate a problem connected with the use of faecal coliforms as indicator organisms because species composition within this group can vary considerably depending on the composting system. The fact that bacteria are able to multiply substantially in fresh compost, as observed for Facilities 3 and 4, may indicate that a fresh product could also support growth of pathogenic bacteria if they were introduced. In contrast, a stable product will not support growth of pathogenic bacteria (Russ and Yanko 1981; De Bertoldi et al. 1991) . It might, therefore, be relevant to demand stable compost, in addition to an efficient sanitary phase, for products for use in areas where the compost comes into direct contact with the users (e.g. horticulture and gardening), or if used for culturing vegetables and other crops to be consumed raw. On the other hand, it would not be appropriate to demand a sterile product, which would be much more sensitive to re-growth of pathogens due to loss of microbial antagonism (Hussong et al. 1985; Millner et al. 1987) . In addition, a sterile product would lack many of the positive characteristics associated with compost .
At the in-vessel Facilities 3 and 4, a very efficient reduction of Enterococcus was found during the sanitization phase. In contrast, the reduction was only 0AE7 and 2AE3 logunits at the windrow Facilities 1 and 2, respectively. Previous studies have shown that the outer layers of windrow composting systems are very difficult to sanitize, even if the outer material is turned into the inner core of the windrow Strauch 1987) . In addition, the result of turning is often re-contamination of the sanitized material with organisms that survived in the cooler layers (Golueke 1983) . In agreement with these results, De Bertoldi et al. (1985b) showed that static in-vessel composting systems with forced aeration were much more efficient than turned windrows with respect to reduction of indicator organisms and pathogens. Since the reduction of E. coli and Enterococcus was poor during the sanitization phase at Facilities 1 and 2, this might be an indication of inadequate sanitization of the treated material during the 4 week sanitization phase. In fact, Salmonella was found in sanitized compost from Facility 2, confirming the inadequate sanitary phase. However, all inoculated organisms, including plant pathogens (Christensen et al. 2001) , were very efficiently reduced during the sanitization phase when evaluated by the direct process evaluation. Thus, an efficient reduction of an organism in the direct process evaluation is not necessarily evidence of an efficient sanitary phase.
It has been found that enterococci are useful indicator organisms of pathogen inactivation during stabilization of sewage sludge and in treatment of waste in biogas facilities. Philipp (1999) found only weak correlations between the concentration of enterococci in finished compost and the presence/absence of Salmonella. However, this observation is not surprising since the concentration of Enteroccus in the finished compost does not necessarily give any information about the sanitary process due to re-growth of the indicator bacteria. Thus, in agreement with our results, others have shown that enterococci are reliable indicator organisms for describing sanitization during composting (Pereira-Neto et al. 19861987; Danish EPA 1997; Déportes et al. 1998) . Escherichia coli has been suggested as an indicator organism for description of pathogen inactivation during composting as its inactivation pattern is very similar to Salmonella (Burge et al. 1978; Farrell 1993) . However, raw materials such as sewage sludge and household waste typically contain pathogens, which are much more resistant than E. coli (Golueke 1991) , and an indicator organism with a higher resistance is therefore preferable.
The temperature resistance of Enterococcus compared with other human and animal pathogens is generally high when evaluated in slurry from pigs and cattle (Bennetzen and Mikkelsen 1993; Bendixen et al. 1995; Moss and Haas 2001) . However, some viruses (e.g. porcine parvovirus) are more heat-resistant than Enterococcus, especially when present in tissue. Bendixen et al. (1995) showed that treatment for 2 h at 70°C in slurry was necessary to obtain a 4 log-reduction of parvovirus when present in tissue. However, at 65°C, 40 h of exposure was necessary to obtain the same reduction, indicating that high temperature is necessary for inactivation of these heat-resistant viruses. Similarly, the elimination of the plant pathogen, tobacco mosaic virus, demands high temperatures (Christensen et al. 2001) . Since the reduction of Enterococcus at 70°C is very fast (4 log-reductions require treatment for < 5 min; Bennetzen and Mikkelsen 1993) , Enterococcus cannot be used as indicator organism for the inactivation of these very heat-resistant viruses. This was also indicated by the total elimination of Enterococcus during the 2-week sanitary phase at Facility 4 while tobacco mosaic virus survived (Christensen et al. 2001) .
In summary, it can be concluded that the direct process evaluation is a valuable tool for identifying parameters for process optimization in different zones, and for detecting pathogens not normally present in the raw material. However, it is an unreliable method for evaluating the overall sanitary process, since it is very difficult to adequately represent a heterogeneous environment when inoculating a limited number of decomposition zones. In contrast, if the samples are collected just after the sanitary phase, the spot test analysis is a much more accurate method for the analysis of the sanitary process. In addition, it is much simpler and cheaper to perform than direct process evaluation, which makes the spot test analysis very costeffective, in the evaluation of the sanitary process. Temperature was found to be an important parameter in the inactivation of pathogens and this is in agreement with several other investigations. In a review of pathogen reduction in sludge by composting, maintenance of > 55°C for three consecutive days was thought to result in a sanitized compost (Dumontet et al. 1999) . However, these authors did not consider the inactivation of plant pathogens (Golueke 1991) , heat-resistant viruses (Strauch 1987 ) and spore-forming bacteria (Böhnel and Lube 2000) , which may be very heat resistant. Since the temperature is fast, simple and inexpensive to measure, it is a powerful tool for documenting sanitization during composting. However, as the microbiological environment can be very heterogeneous, it is important for documentation of sanitization to supplement e.g. monitoring of temperature with direct measurements of indicator organisms. Low presence of for instance, E. coli or enterococci, immediately after the sanitization phase can show that all the material has been exposed to uniform temperatures throughout the system, and for a sufficient duration of time, to spread throughout the entire mass. The use of the indirect process parameters (DM, OM, C:N ratio and pH) as indicators of the sanitary quality of composting is very difficult. However, it must not be ignored that indirect process parameters are important for managing an active composting process and thereby, also for the achievement of a sanitized product.
